This paper proposes the method of soft shadow generation by extending the shadow volume to generate outdoor 3DCG images. In our method, two parameters, "brightness of shadow" and "soft shadow range", are introduced to enable various soft shadows in different time zones. This algorithm aims to mount our method onto portable devices, so that the shadow texture for a soft shadow is generated and a soft shadow can be generated with the processing that does not depend on hardware specifications.
Introduction
Shadow generation is one of the important representation methods for generating real images in computer graphics. Shadow increases not only the actual material feeling in 3DCG, but also effects for recognizing the position of an object in the virtual space [1] . For the shadow generation method, soft shadow generation is an indispensable technique to express the reality of an image.
For soft shadow generation, various researches have been done, while most of them use a field light source and a line light source in order to generate indoor soft shadows. For hard shadow generation, a lot of researches have also been done to simulate the parallel light source to express the outdoor sunlight. On the contrary, there have been only a few researches on the outdoor soft shadow generation. In the real world, however, soft shadows often appear on the surface of a building or on the ground because of diffuse reflection of light. In order to generate real outdoor images of 3DCG, soft shadow generation is indispensable. When a shadow image is generated, both quality of shadows and generation speed are important factors. It is possible to achieve high-speed and high-resolution rendering by using high-end devices, which require dedicated graphics hardware. Compared to desktop computers, however, the display size of mobile devices is smaller and the resolution is lower. In addition, the hardware including the CPU, memories, and graphic devices are not so powerful enough in mobile devices. Because of those reasons, the software to realize high-speed rendering is expected [2, 3] .
If 3DCG is installed in mobile devices, we can get necessary information at any place, which greatly improves convenience of work, study and other various purposes. For example, it is useful for measurement confirmation and evaluation of buildings, presentation at the operation site, or the navigation system in a car. If mobile devices of not-so-high resolution are allowable, mobile devices are very useful. In addition, the quality of presented images is desirable to include soft shadows.
Currently 3DCG can be represented easily on mobile devises by using Open GL ES [4, 5] , which is one of the graphic libraries for mobile devises and a subset of Open GL.
This paper presents the method of soft shadow generation by extending the shadow volume to generate outdoor 3DCG images [6] .
In our method, two parameters, "brightness of shadow" and "soft shadow range", are introduced to enable various soft shadows in different seasons and different time zones. This algorithm aims to mount our method onto portable devices. Our method does not depend on hardware specifications.
Previous Work
This section describes the existing methods of shadow generation. When a shadow image is generated, both quality of shadows and generation speed are the important elements. It is preferable that both the quality and the speed of the shadow generation are satisfied although they are in the trade-off relationship. At present, there are three popular methods for shadow generation: shadow volume method [7, 8] , forward shadow mapping method [1] , and shadow mapping method [9, 10] . The overview of each algorithm is described below.
Shadow Volume Method
The shadow volume method is proposed by Crow [8] . Shadow volume represents a part in a space that is not lit. Since an object locating in the shadow volume can be interpreted that the surface becomes shadow, the object must be shown darker, compared with the one outside the shadow volume. It is general to use the stencil buffer to select objects locating inside the shadow volume [9] .
In the shadow volume method, an algorithm is presented to generate the shadow volume with using relation between the silhouette line of an object and the light source so as to generate soft shadows inside the shadow volume [7] . The shadow volume algorithm enables to generate highly accurate soft shadows, while the processing must depend on hardware specifications to realize fast shadow drawing, because the shadow volume must be generated from each polygon of the object's silhouette line.
Shadow Mapping Method
As the shadow mapping method, two algorithms have been presented: the conventional shadow mapping proposed by Williams [10] and the forward shadow mapping proposed by Zhang [1] .
The shadow mapping algorithm generates a shadow from the depth information stored in a shadow map. To generate a shadow, two scenes are drawn first; one viewed from the viewpoint and the other from the light source. Then the depth information of the scenes is stored in each shadow map and the two shadow maps are compared to extract the shadow part. The forward shadow mapping algorithm [1] can show illuminated pixels directly by transforming pixels in the light's depth buffer to the eye's view using 3-D image warping techniques. This algorithm is the reversal of the traditional shadow mapping algorithm, in which a view point is projected to the light source using the shadow map. This algorithm does not interfere with the normal texture mapping and supports anti-aliased shadow edges and projective textures. Access to shadow maps and projective textures is done in the sequence of pixels.
This algorithm is advantageous when the speed of texture mapping becomes the performance bottleneck, which is often the case in visual simulations and game applications.
In the shadow mapping method, a soft shadow is easily generated by performing anti-aliasing to the edges of a shadow. Note, however, anti-aliasing may draw soft shadows outside a compared section of the shadow map. Since soft shadows may be generated on a section, which must not originally become a shadow, the consistency of the shadow may not be maintained. Besides, jaggy appears depending on the accuracy of the shadow map and the problem of the quality remains.
Problem of Soft Shadow Generation
Important factors in a soft shadow generation are the quality of soft shadow and the generation speed. On these two points of view, the shadow mapping method has a big problem of jaggy that debases the quality of shadow, and in addition, the soft shadow generated by performing anti-aliasing on the shadow edges does not satisfy the correspondence. The shadow volume method can generate and render high-quality soft shadows, while the calculation cost is high. We propose the algorithm that reduces the calculation cost, while the advantages of the shadow volume method are maintained.
Soft Shadow Generation Algorithm
This section describes a low-cost soft shadow generation algorithm based on the shadow volume method. This algorithm constructs a computing model to represent a soft shadow similar to the actual outdoor shadow.
We acquired some samples of actual outdoor shadow, and investigated the brightness of the actual shadow and the variation of the actual soft shadow according to the distance between the object and the shadow.
Based on the result of the investigation, we propose a new computing model, which has two parameters, brightness of shadow and range of soft shadow, to represent soft shadow. The details are described in the following sections.
Sample Acquisition and Investigation
This section describes the investigation of the sample of the actual shadow and its result. Figure  1 shows the image taken by a digital camera. To take the photo, a pillar-shaped object is placed in an outdoor location and a white paper is placed on the shadow. The size of soft shadow area depends on the distance between the object and the ground as shown in Figure 1 . For our investigation, the shadows of the three sections were acquired: lower, middle, and upper parts of the pillar-shaped object. The distance between each section of object and the shadow have been 0.3m, 1.5m, and 3m, respectively.
Expansion ratio = H S S: Diameter of shadow involving soft shadow H: Diameter of hard shadow Fi First, the brightness of the hard shadow section is investigated from the acquired sample to determine the pixel value of the shadow texture. Next, the range of the soft shadow section is surveyed and the result is reflected to the shadow texture. As shown in Figure 2 , the brightness of the shadow in the acquired sample is investigated in the following procedure.
(1) A sample image is converted to a 256-tone gray-scale image.
(2) Two brightness values are extracted: one from the outside of the shadow section and the other from the hard shadow section.
(3) Each of the brightness values is applied to contrast conversion with the 256-tone gray-scale, so that the brightness of the hard shadow section is determined.
In Figure 2 , the brightness value of the soft shadow section (the section of A) is approximately 150 and the hard shadow section (the section of B) is approximately 80. Since a white paper was used for the background of the actual shadow when the sample was acquired, the ideal brightness value of the outside of the shadow maybe 255. Then, the contrast conversion is applied linearly so that the brightness value of the outside of the shadow is assumed to be the maximum of 255. As a result, the brightness value of the hard shadow section becomes 128. Since we generate the hard shadow part as a shadow texture, the pixel value of the shadow texture is set to 128. The algorithm of the shadow texture generation is described later. Next, the range of the soft shadow that differs depending on the distance from an object to its actual shadow is investigated. Figure 4 shows the result of extracting soft shadows from each of the shadow sections shown in Figure 3 . By using the same method as the algorithm that determined the brightness of the hard shadow section, a section between the outside of the shadow and the hard shadow was extracted. Then, the expansion ratio for the area of the hard shadow is determined to generate the shadow volume in which the area of soft shadow is involved. The calculation formula is as follows: gure 2. Result of analysis of a shadow 256 tones Table 1 shows the expansion ratios. When the distance between an object and the shadow is 0.3m, soft shadow can be involved with the expansion ratio 101%. In the same manner, the soft shadow sections can be involved with the expansion ratios 110% and 120% respectively to the cases of 1.5m and 3.0m. In our algorithm, the area of the soft shadow is determined by using these expansion ratios shown in Table 1 .
Distance 0.3m (near) 1.5m (middle) 3m (far)
Expansion ratio 101% 110% 120%
Soft Shadow Generation Algorithm
This section presents a soft shadow generation algorithm. The following describes the outline of the algorithm.
(1) Generate a shadow volume and expand it.
(2) Render the shadow volume in a stencil buffer and extract the pixels representing the shadow to the shadow texture.
(3) Generate a soft shadow by processing image data processing to the shadow texture.
(4) Perform alpha blending for the shadow texture and the image rendered on an object.
Generation of Shadow Volume
The method of generating the shadow volume in order to generate hard shadow from parallel light source is enhanced, and the shadow volume in which soft shadow is included is generated. It is difficult to keep geometrical consistency when soft shadow is generated inside the shadow volume since the hard shadow becomes thin. To avoid the above problem, the shadow volume is expanded in this algorithm. The silhouette line of the shadow volume corresponds to the silhouette line of the actual soft shadow investigated in section 3.1. Therefore, the consistency can be maintained and the generated shadow remains to be thin, even if the shadow volume is expanded. Figure 5 shows the enlarged image of an actual soft shadow when the distance from an object to the shadow is 3m. In this figure, three silhouette lines are overlapping: the silhouette line of the actual hard shadow (green line), the silhouette line of the hard shadow when the parallel light source is simulated (red line), and the silhouette line of the actual soft shadow (blue line). The silhouette line of the actual soft shadow is obtained by expanding the silhouette line of the actual hard shadow by 120%. Based on the silhouette line of the hard shadow under the parallel light source, the silhouette line of the actual soft shadow is generated 10% outside and the silhouette line of the actual hard shadow is generated 10% inside. Then, the shadow volume will be expanded by the outline of the hard shadow under the parallel light source, where the expansion ratio is 10% when the distance from an object to the shadow is 3m. When the distance between the object and the shadow becomes long, the soft shadow part increases and the expansion ratio increases.
First, the silhouette line of a shape is extracted by using the direction of the light source vector. As the silhouette line is swept along in the direction of the light source, the shadow volume representing the hard shadow is generated (volume A shown by blue lines in Figure 6 ). Next, the mean normal vector of the vertices on the silhouette line is calculated. In Figure 7 , N is the unit normal vector of a vertex, L is the direction of the parallel light source, and L' is the direction obtained by moving L to the direction of the normal vector in order to expand the shadow volume. When L' is moved to the direction of the normal vector according to the result of section 3.1 and Figure 5 , the calculating formula is approximated as follows.
In Figure 6 , A shows a shadow volume generated at parallel light source, and B shows an expanded shadow volume.
Generation of shadow texture
First, the shadow volume is rendered in stencil buffer. Then, the pixel information on the hard shadow is extracted from the stencil buffer, and the shadow texture is generated. Afterward, the soft shadow is generated by image data processing onto the shadow texture. The algorithm to generate the shadow texture is presented specifically below.
(1) The shadow texture whose size is the same as the stencil buffer is prepared. Since the shadow texture is a basic information that is used for making soft shadow with alpha blending, the shadow texture is supposed to have pixel value, α value, intensity value of soft shadow, and shadow determination value. When shadow is generated closely to an object, the hard shadow appears strongly, and on the contrary, if shadow is distant from an object, the soft shadow appears strongly. This is called "soft shadow intensity" in our research. A pixel with low intensity of soft shadow tends to be the hard shadow and with high intensity of soft shadow tends to be the soft shadow. Shadow determination value is used to determine three states of shadow: outside of shadow, soft shadow and hard shadow.
The shadow determination value of a pixel which is not related to shadow is set to -1, hard shadow part is set to 1, soft shadow part is set to 2. To each of pixel value, α value, intensity value of soft shadow, and shadow determination value in a pixel, the initial value 0 is set. Light source (2) The value of the stencil buffer is extracted as the result of shadow volume drawing. Since a pixel whose stencil value is 1 or greater represents shadow, the shadow determination value of the corresponding shadow texture is initially set to 1 (Figure 8 ), which is defined as a shadow section.
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Soft Shadow Generation
Soft shadow is generated by performing image processing to the shadow section stored in the shadow texture. In this method, comfortable soft shadow is generated without physical calculation in order to reduce the calculation cost. The following describes the soft shadow generation algorithm.
(1) A rough direction in which a shadow can be generated is obtained from the positional relationship between a light source and an object. For example, as shown in Figure 9 , a shadow is generated rightward when the light source lies at the upper left of a pillar-shaped object. Soft shadow appears strongly in this direction. It is called the "intensity direction of soft shadow."
(2) The quadrilateral area in which the pixels to become a shadow are involved is obtained. The black part in Figure 10 is the pixels each of whose shadow determination value is equal to 1. A quadrilateral area is obtained from the maximum and minimum values of x and y coordinate values of the shadow determination value stored in the shadow texture, as shown in Figure 10 . From the direction obtained at (1) and the quadrilateral area, the start and end points in the intensity direction of the detailed soft shadow are obtained.
(3) The intensity value of a soft shadow is stored in each pixel. Intensity value is the intensity of gradation on the soft shadow, which lies from the outline of the hard shadow to that of the soft shadow. The shadow volume method extracts the shadow section of the projected object itself. Soft shadow does not appear easily in the shadow section of the object itself because the distance from the object is very short. Therefore, in Figure  10 , the intensity value of the soft shadow of the leftmost pixel in the quadrilateral is assumed to be 0 and the intensity is stored in each pixel. Since the pixels lying outside the quadrilateral do not represent shadow, -1 is stored to those pixels as the intensity value of the soft shadow. The increasing amount of the strength is set to 10 as the result of section 3.1 is considered.
Figure9. Intensity of soft shadow
Light source Shadow texture Low High (4) From the intensity value of the soft shadow of pixels on the silhouette line, a pixel on the silhouette line and its neighborhood pixels are judged whether they can be shadow. The number of the pixels to be soft shadow is increased according to the intensity value of the soft shadow. When the pixel on the silhouette line is and the intensity value of the soft shadow is I, the pixels whether they can be soft shadow are expressed as .
For example, when the intensity value of the soft shadow of a pixel on silhouette line is 1, the pixel on silhouette line and 8 neighborhoods are judged. And when the intensity value is 2, the pixel on silhouette line and 24 neighborhoods are judged. When a pixel is included in the shadow section, the pixel represents the soft shadow and the shadow determination value is set to 2. When a pixel is not included in the shadow section, the shadow determination value is set to -1. In this way, as shown in Figure 11 , the shadow texture is classified into three states: the white section that is not a shadow, the black section that is hard shadow, and the gray section that is soft shadow. Figure  12 shows the result of soft shadow judgment. (5) Soft shadow is linearly interpolated as the α value of the shadow silhouette line is assumed to be 0% and the α value of the hard shadow silhouette line is assumed to be 100%, so that the shadow texture is generated. Soft shadow can be generated with the above processing and by performing alpha blending on the shadow texture and an object.
Results
This section presents the results of applying our algorithm. We had experiment in soft shadow generation and comparison with the actual soft shadow. Figures 13, 14, and 15 show the photographs taken in the morning, daytime, and evening of a day in spring, and the images of soft shadow generated with using our algorithm.
Rendering of Soft Shadows in Different Time Zones
Two parameters, "brightness of the shadow" and "range of the soft shadow", are used when soft shadow is generated. Table 2 shows each value of these parameters. Since the shadow lengthens in the evening and the distance between the object and the projection ground becomes longer, the parameter about the range of the soft shadow increases. By changing the range of the soft shadow in this way, the variation of shadow in a day can be expressed. On the contrary, the difference of shadow between seasons was not able to be compared although we took photos of shadow in different seasons, because the brightness of shadow changed even at the same hour. By changing the parameter value about the brightness, however, the difference of weather, clear or cloudy, can be expressed. Figure 16 shows the outdoor soft shadow generated by applying our algorithm. In the experiment, we used Windows2000 OS of Intel Pentium4 on 2.8GHz CPU with 512Mbyte RAM. The soft shadow appears more remarkably as the distance from the object lengthens, which expresses the soft shadow more realistically. Figure 17 shows an enlarged section of the shadow of Figure 16 . The soft shadow can be expressed as nicely as the actual soft shadow shown in Figure  2 . Figure 18 shows the result of application of our technique to another shape, in which the soft shadow is also expressed satisfactorily. In this figure, the soft shadow can be expressed on a complex shape, which has a rough surface or holes. Table 3 shows the processing time to render the hard shadow only and that to render soft shadow in addition. The calculation time necessary for the hard shadow rendering increases in proportion to the number of the polygons, while the calculation time of the soft shadow rendering adds about 70ms to 100ms, which is approximately 20% of the entire processing time. The increase of the processing time is gradual, compared to that of the number of polygons. It is thought that soft shadow generation does not constrain the processing cost. Our algorithm can realize fast processing and applicability to portable devices. Our method presents a general algorithm, which does not depend on hardware, to solve the calculation cost of the previous shadow volume method, which solves the calculation cost by using graphics hardware. Therefore our method is easily applicable to mobile devices.
Evaluation of Our Algorithm
At present, however, the mobile system environment is assumed to be iPAQ rx1950, Windows mobile 5.0, SC32442-300MHz processor, and 30MHz memory. Since CPU clock of PocketPC is 10 times slower than that of a desktop computer, drawing speed is assumed to be 10 times later in mobile devices. In practical use, the number of polygons is suitable for drawing less than about 1,000. Figure19 shows the result of soft shadow generated on a complex background image. The range sensor [11] was used to generate the background image, where each pixel has RGB color data and a depth value. By adjusting the two kinds of information to the background and by setting the depth value to the initial value of the z buffer, the background image is generated and soft shadow is calculated. Figure 20 shows the result of representing only a soft shadow without applying RGB colors to the background image. In the same way, Figure 21 and Figure 23 show the soft shadow generation to another complex background image, Figure 22 and Figure 24 show only soft shadow without applying RGB colors to the background image. In these figures, the soft shadow can be expressed satisfactorily on the complex background. 
Conclusions and Future Work
In this paper, we have described the algorithm to generate a soft shadow with shadow volume with 2D image processing.
Various shadows in different seasons and time zones can be generated as the input parameters "brightness of shadow" and "range of soft shadow" are used. In our algorithm, the shadow texture that shows a soft shadow is generated and a soft shadow can be generated with the processing that does not depend of hardware specifications. In addition, this algorithm does not depend on background images and realizes low-cost processing when a shadow is generated with shadow volume with 2D image processing. Our future problem is to mount this algorithm on mobile devices. 
